INTRODUCTION
With the recent release of draft legislation on the development and approval of watershed-based source protection plans, the Government of Ontario is implementing one of the key recommendations of the O'Connor Report; a document stemming from the Walkerton Inquiry (O'Connor 2002) . It is becoming increasingly clear that geological input will be an important requirement for the successful development and implementation of source protection plans for all regions of the province. To this end, the Ontario Geological Survey has embarked on a new program designed to provide basic geoscience information for the protection and preservation of the provincial groundwater resource.
A pilot project of three-dimensional mapping of Quaternary deposits within Waterloo Region was initiated in 2002 as part of this geoscience initiative. The objectives of this project were to develop protocols for the construction of interactive 3D models of Quaternary geology and derived products that could: 1) aid in studies involving groundwater extraction, protection and remediation; 2) assist with the development of policies surrounding land use and nutrient management; and 3) help to better understand the interaction between ground and surface waters. Waterloo Region was one of two areas chosen for this pilot project as it is one of the largest municipal users of groundwater in Canada; relying almost exclusively on bedrock and overburden aquifers for their potable water supply. Waterloo Region also has a population which is projected to increase by an estimated 20% in the next decade. This dramatic increase will undoubtedly apply pressure to an already stressed groundwater resource. A better understanding of the geometry and inherent properties of the Quaternary sediments that overlie the bedrock surface within the region will assist with the development of source water protection plans and with the development of a geoscience-based management plan for the groundwater resource.
Summaries of Quaternary geology, data compilation and standardization and new programs of data acquisition are contained in the extended abstracts of the last two 3-dimensional mapping workshops (Bajc 2002 and as well as in a guidebook of a Geological Association of Canada fieldtrip which was run in conjunction with the last workshop (Bajc and Karrow 2004) .
THE DATABASE AND CONCEPTUAL GEOLOGICAL MODEL
Our working copy of the subsurface database for Waterloo Region; an area of just under 1400 square kilometers, contains approximately 26 000 records and nearly 73 000 sediment units. Nearly 20% of the borings are classed as "definitive" which means they were logged by a trained geoscientist. These definitive boreholes consist of monitoring wells, engineering testholes, large, natural and man-made exposures and cored borehiles. We currently have approximately 110 cored boreholes within the region, thirteen of which were completed as part of this project. These "golden spikes" are an invaluable source of stratigraphic information and are essential for the development and verification of the conceptual geological model. In addition, approximately 450 geophysically interpreted borehole logs, 17.5 kilometres of seismic reflection data and 16 kilometres of ground penetrating radar served to assist with the interpretation. The conceptual geological model developed for the Region of Waterloo consists of an aquifer/aquitard sequence with 19 layers. Many of these layers have limited aerial extent, their outer edges defined by the limits of ice advance, the elevation of meltwater channels and other paleotopographic control. Our approach involved extensive subdivision of the Quaternary sequence bearing in mind that units could be merged subsequently if data quality prevented their full definition from a regional perspective. The time-transgressive nature of some of these units proved difficult to model in 3-dimensions. For example, an ice advance/retreat sequence will result in the deposition of a layer of till out to a given ice margin. Beyond the ice margin there is continuous deposition of glaciofluvial/glaciolacustrine sediment whereas inside the ice margin the stratified deposits are subdivided into an upper and lower sequence separated by a layer of till. It is difficult to subdivide the stratified deposits beyond the ice margin into a similar upper and lower sequence as data quality generally prevents this. Similar bifurcating sequences occur in till units along the eastern and western edges of the region. In the east, a single layer of Port Stanley Till may correlate and span the same time interval as 3 layers of till in the central parts of the region (eg. Catfish Creek, Maryhill and Port Stanley tills). Diachronic subdivision of Port Stanley Till along the eastern margin of the region was not attempted. Rather, a lithostratigraphic approach was chosen whereby Port Stanley Till was classified as a single unit.
INTERPRETATION
Two tables were created during the assembly of the subsurface database. These include a "Location" table which contains information about the borehole such as it's original identification, source, location (X,Y,Z) and type of hole, and a "Formation" table which contains descriptive information regarding the sediment layers present in each borehole. Included in the "Formation" table was a "Formation" field where we could input a stratigraphic interpretation of the layer described (eg. Port Stanley Till, Catfish Creek Till, Canning Till….). This interpretation was generally available for cored boreholes and from logs of surface exposures described as part of Quaternary mapping programs and other field investigations. The tops of units with "Formation" identifiers were later translated to the aquifer/aquitard scheme and exported to a "Picks" table containing "X,Y,Z" and "STRATUM" attributes. "Bedrock" and "DeepOB" picks were also included in this table. "DeepOB" picks were determined by interpolating a "Bedrock" surface in ArcInfo ® software using "Bedrock" picks only then searching for deep overburden boreholes that pierce the bedrock surface. The elevation of the bottom of these boreholes was then added to the "Picks" table and attributed as "DeepOB" picks. By applying this method of "push-down", we are less apt to miss potential buried bedrock valleys defined by deep overburden wells. This table of "definitive" picks was then used to generate a series of "training" surfaces to work from and guide further interpretations of lower quality borehole information. Viewlog ® software was used initially in the interpretation process to pick formation tops from lower quality boreholes.
In an attempt to ensure that the three-dimensional model honored materials mapped at the surface, the surficial units present on 1:50 000 scale Quaternary geology maps were translated to the 19 layer stratigraphic model. Only 8 of the19 layers are represented by surface sediments in Waterloo Region. For example, areas mapped as Mornington Till were translated to hydrostratigraphic unit "ATB1" and areas mapped as glaciofluvial outwash were translated to hydrostratigraphic unit "AFA2". The provincial digital elevation model (DEM) was then sampled on a 200 m spacing producing a secondary picks table with "X,Y,Z" coordinates populated with the attribute "STRATUM" representing the surface material at that site. This table contains over 39 000 entries. We found a serious discrepancy between areas mapped as ice-contact stratified drift (AFB1) and the uppermost strata of boreholes in these areas. This is not unexpected as moraine areas tend to be heterogeneous. For this reason, we opted to omit these points (AFB1) from the secondary picks table and rely exclusively on the borehole records from these areas to define where the aquifer (AFB1) is confined versus unconfined. This reduced surface picks table has nearly 32 000 entries. The surficial geology map showed a close correspondence with the borehole information in the remaining regions.
MODELLING
The approach taken for modeling the Quaternary deposits in Waterloo Region is slightly different than that followed by other jurisdictions doing regional 3-dimensional modeling. For example, the Geological Survey of Canada opted for an automated approach guided by expert knowledge and a conceptual stratigraphic framework in its regional assessment of the Oak Ridges Moraine (Logan et al., in press ). The Illinois State Geological Survey, in its 3-dimensional study of Antioch Quadrangle, chose to evaluate and pre-screen the greater than 4000 driller's logs that exist for this area and base their model on the best 275 borehole records (Hansel et al., 2004) . For the Waterloo study, a decision was made to manually interpret, where possible, the 26 000 borehole records in section guided by the training surfaces and attempt to selectively extract as much information as possible from logs of disparate or lower quality. Although considered to be a poor source of subsurface information, water well records frequently contain valuable information concerning the tops of bedrock and important aquifer and aquitard units. Since most water wells are screened in the first productive, water-bearing horizon, one can feel fairly confident that the lowest unit in a given water well is an aquifer. The tops of these units form an important component of our picks table.
A number of software packages were looked at and evaluated for their ability to meet our specific 3D mapping needs. The main elements of interest in a software package were: 1) strong 3D visualization capability for data interpretation; 2) excellent linkage and live update capacity with our working database; 3) ability to interpolate surfaces and apply logical rules that allow for laws of superposition to be honoured; 4) ability to create wireframe surfaces, solid models and calculate volumes; 5) ability to import ArcInfo ® shape files and drape base information over a 3D model; 6) ability to import raster images such as seismic sections into the model for added interpretation; 7) ability to create isopach maps of individual strata; 8) ability to create elevation maps of the tops of individual strata; 9) ability to export in, ASCII format, top of formation data at a specified grid spacing; and 10) the ability to provide a free viewing software that allows for flexible client interaction with the 3D model. Datamine Studio ® , a software package used primarily by the mining sector for mine design and orebody modeling was chosen for this study. This software met all of the criteria listed above and appeared to be suitable for 3D modeling of Quaternary sediments where units frequently pinch out forming lenses. This software has been successfully used to model coal seams as well where pinch outs often exist.
Another strength of Datamine Studio that was used to great effect on this project is the customizable interface that allows a series of repeatable tasks to be defined and presented to the user through a scripted interface using the same tools that are available for creating web sites. This makes it very easy for the user to carry out complex modeling procedures.
The Datamine Solution
In a process similar to that undertaken with Viewlog ® software, the drillhole database was further examined in Datamine Studio ® along east-west sections spaced at 100 m with 50 m offset/clipping limits. A set of scripts were created to assist with the display and manipulation of the drillhole and picks data. This process assisted with the refinement of the picks table generated initially in Viewlog ® . In most cases, the upper surface of a given stratum was identified by creating a 3D point on the drillhole. Alternatively, 3D points were digitized off drillholes to assist with the refinement of stratum geometry. Over 38,000 picks have been created to date in this manner. As mentioned previously, we also have nearly 32 000 3D surface data points sampled from the DEM on a 200 m square grid that can optionally be used in conjunction with the picks data.
If all strata were identified in all holes then modeling would be a straight forward process. However, because of data quality and varying borehole depth, there are on average only 2.2 strata identified per hole suggesting a fair amount of missing information. In addition, not all strata exist over the entire area so there are holes in and limits to the surfaces. The simplest method would be to create a Digital Terrain Model (DTM) wireframe surface for each stratum from the known picks. However, because of the scarcity of the data for some layers, this leads to a large number of overlaps between the surfaces, which are difficult to adjust. An alternative approach would be to interpolate the elevations for each stratum onto a regular grid using inverse power of distance or normal kriging and then apply a suite of rules to sort out the overlaps. In this instance, the rules would be complex as they would need to take into account both the sequence of strata at every model column and also the elevations of the strata in adjacent columns of cells in order to avoid large steps in elevation between the cells. To avoid this problem, the method selected was to interpolate the stratum elevations onto each borehole, apply a set of rules to resolve any overlaps within the holes and then to create a DTM wireframe surface for each stratum. This method ensures that the wireframes do not overlap. The spaces between each successive pair of wireframes are then filled with model cells in order to create a block model of the aquifers and aquitards.
The process for creating the models is very much an iterative one. The models are created using the initial data and then they are checked visually in the 2D and 3D graphics windows. Data problems are identified and fixed, and extra data is added to control the position of the strata. A new set of models is then generated and validated and the process repeated. In order to facilitate the procedure, the total area can be divided into user defined sub-areas and models generated for each individual sub-area.
Data Preparation
The system that has been implemented allows the option of whether to use just the digitized picks or both the digitized picks plus the surface picks. Where digitized picks correspond to positions down a borehole, the borehole collar elevation is retrieved from the collars file. Where digitized picks do not correspond to a borehole, the points are projected onto the topography wireframe in order to find the topography elevation. Although the description in the previous section refers to interpolation onto the borehole, what happens in practice is that a 2-D block model is generated with cell centres at each X,Y location in the picks file. Therefore some of the cells include several picks whereas others will include just a single pick as is the case with the surface pick points. All cells will also include the topography elevation.
The data are validated to ensure that the elevations for all picks are in the correct sequence. If any inconsistencies are found then the data for that cell is copied to an errors file, and is removed from the current run. The problem picks can then be edited before any subsequent runs of the system occur.
Interpolating Elevations
The model cells are reformatted into a 2D point data file which is then used to estimate elevations of every stratum into every cell. These estimates are combined with the actual picked elevations so that if an actual pick value exists, the estimate is discarded. If there are insufficient data within the search radius then an absent data elevation is assigned. The estimation process allows for a full range of interpolation methods to be selected. This includes polygonal, inverse power of distance and various types of kriging. Currently, isotropic inverse square of distance is used. The search radius was manually assigned for each stratum. This was done by creating a DTM from the actual picks and varying the maximum length of the edge of any triangle until a suitable value was achieved (i.e. the modelled extent of the given stratum appeared to closely reflect it's actual extent). Search radii vary from 1000 m to 3000 m. Larger search radii were used for strata that are considered to be more continuous such as Bedrock and Catfish Creek Till. In addition, aquitards were assigned larger search radii since they are assumed to be more continuous than aquifers. A minimum of 3 data points is required for most strata inside the search area before the elevation is interpolated. This variable is adjustable as well.
Creating the DTMs
At the end of the interpolation stage, every stratum in every cell will have one of the following elevation values: 1) an actual value defined by a pick; 2) an estimated value defined by interpolation; or 3) absent data indicating insufficient data exists within the search area. However, because of the sparsity of the data and the large number of estimated values, elevations are frequently out of sequence. To correct this, the following rules were applied where Z(n) is the elevation of stratum "n" with 1 being the youngest (top elevation) and 19 being the oldest (lowest elevation). The rules are applied to each stratum in turn starting from bedrock (n=19) and working up to ATA1 (n=1). Lower and upper strata refer to the stratum immediately below or above the current stratum.
• If Z(19) = absent then exit. i.e. make sure bedrock Z(19) is estimated into all cells. Otherwise exit.
• If Z(n) is an actual pick then no adjustment will be made. The following adjustments therefore only apply to estimated or absent values.
i.e. if the elevation of the current stratum is estimated below the lower stratum then set it equal to the elevation of the lower stratum. This means the thickness is estimated as zero.
• If Z(n) = absent then Z(n) = (Zn+1) i.e. if the elevation of the current stratum is absent then set it equal to the elevation of the lower stratum. This means the stratum is being pinched out on the lower stratum.
• If Z(n-1) is "actual" and Z(n) > Z(n-1) then Z(n) = Z(n-1) If the upper stratum is an actual value and the elevation of the current stratum is estimated to be above the upper stratum then reset it equal to the upper stratum. In this case, the current stratum should actually be reset to the base of the upper stratum. This is difficult to achieve in an automated fashion since the base of the upper stratum may not be defined. These picks need to be flagged for manual adjustment.
Using the above rules it is still possible to have strata out of sequence and so a second set of rules is applied. Starting at the top (n=1) and working downwards:
• If Z(n) is estimated and Z(n) > Z(n-1) then Z(n) = Z(n-1) i.e. If the current elevation is estimated and is above the elevation of the upper stratum then reset it equal to the elevation of the upper stratum.
The logic also includes one final check working from the bottom upwards to ensure that there are no remaining overlaps. The method for estimating strata elevations described above ensures that all 19 strata have elevations for each cell. The DTMs for each stratum are created from these elevations and so all DTMs extend over the full extent of the data (Figure 1 ) and is referred to as DTM1. When DTM1 is created the average Z coordinate for each triangle is calculated. This means that by comparing successive strata it is possible to identify where the thickness of a stratum is zero and then to remove that triangle. This will introduce holes into the DTMs where there is no data and where the thickness is zero. This new set of DTMs is referred to as DTM2 (Figure 2 ). 
Creating 3D Block Models
The block modeling techniques described so far have been used to interpolate elevations onto a 2D grid of irregular points corresponding to the X,Y coordinates of one or more picks. These points are at the centres of the model cells but the actual dimensions of the cells are not used. A 3D block model representing all strata is created by filling the space between each stratum in DTM1 with subcells ( Figure 3) . The planar dimensions of a subcell are user definable, but it was decided that 200m x 200m provided a good resolution without creating too many cells -there are approximately 140,000 cells in the full model. The dimension of each subcell in the vertical direction is calculated automatically so that it fits exactly between the strata. The model created using this method is referred to as model 1. A second model, model 2, is created in which all subcells are split along the horizontal planes corresponding to 10m benches. Thus the thicker strata will contain several full 10m subcells plus both an upper and lower subcell of less than 10m. The number of cells in this model is approximately four times that of model 1. The advantage of model 2 is that the subcells for an individual stratum can be displayed and coloured according to the elevation of each subcell.
Calculating Volumes and Grids
The volume of each stratum over the whole area or over a subset of the area can be calculated from either DTM1 or either model. The results are classified both by stratum and by aquifer / aquitard. Model 1 includes the coordinates of each subcell centre and the thickness of each subcell on a regular XY grid. Hence, the elevation of the top of each stratum can be calculated and exported to a text file, which can be used as input to other software packages for hydrogeological modeling and visualization.
CONCLUSIONS
The flexible and comprehensive database and modeling options available in Datamine Studio have allowed a method to be created that follows a logic which is appropriate for the modeling of aquifers and aquitards. As is often the case in this type of study the modeling steps are repeated many times during the course of a project as data gets refined and corrected and interpretations change. The ability to put the entire model build behind a single button on a tailored interface has been a major contributor to the success of this project.
The high quality 3D visualization and display options allow the different data types (boreholes, points, wireframes, block models) to be selectively displayed and manipulated. This greatly facilitates the validation of the base data from which the models are created. The ability to easily select subsets of the project area and create models for these sub-areas means that the models can be created in a matter of minutes which makes it a very practical tool. Few modifications would be required to apply the system to other similar project areas.
